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NASA's S o l a r  Bui lding T e s t  F a c i l i t y  (SBTP) c o n s i s t s  of a 4645-m2 
(50  000-ft2) o f f i c e  bu i ld ing  designed to accept so la r -hea ted  water for o p e r a t i o n  
of an absorp t ion  a i r  cond i t ioner  and a basehoard t i a t i n g  s y s t e r  - and an adjoin-  
i n g  11 76-m2 (1 2 660-ft2) s o l a r  f l a t - p l a t e  collector f i e l d  w i t h  a 11 4-m3 
(30 000-gal) s t o r a g e  tank.  The SBTP has  been i n  o p e r a t i o n  s i n c e  1976 and h a s  
demonstrated t h a t  s o l a r  -ling is t e c h n o l o g i c a l l y  f e a s i b l e .  Fifty-seven per- 
cent  of t he  energy requ i red  f o r  hea t ing  and c o o l i n g  on an  annual  b a s i s  was p r e  
vided by the solar system. The average e f f i c i e n c y  o f  the  s o l a r  c o l l e c t o r s  was 
26 percent  over a 1 -year period.  During t h e  same period,  46 percen t  of t h e  
solar energy c o l l e c t e d  w a s  a c t u a l l y  u t i l i z e d .  The average u t i l i z a t i o n  rate w a s  
82 percen t  f o r  t h e  months when thermal energy consuept ion w a s  e x c l u s i v e l y  f o r  
c o o l i n g  . 

The 8 2 q  (1 8 0 ° ~ )  water t y p i c a l l y  a v a i l a b l e  f r o  t h e  s o l a r  f i e l d  r e s u l t e d  
I n  c h i l l e d  water f r a a  the  absorp t ion  machine w i t h  higher temperatures  than the  
JOc ( 4 5 O ~ )  design tempe-ature normally used to coo l  o f f  ice bu i ld ings .  Neverthe- 
less, an accep tab le  working environment m u l d  be provided by decreas ing  the d r y  
bulb  temperature i n  t h e  bui ld inq to canpensate f o r  t h e  r e s u l t a n t  high humidity. 

The genera l  performance o f  the SBTF and its subsysteins and annponents over 
t h e  4-year o p e r a t i o n a l  per iod is discussed,  and d a t a  a r e  provided f o r  a t y p i c a l  
1-year period. 

The use of s o l a r  energy t o  hea t  bu i ld ings  is r a p i d l y  becoming an  accepted 
concept;  however, t h e  use of s o l a r  energy to provide c o o l i ~ g  is proving t o  be 
a auch g r e a t e r  chal lenge.  The S o l a r  Bui lding T e s t  F a c i l i t y  (SBTF) r e p r e s e n t s  
an e f f o r t  by NASA t o  advance t h e  technology f o r  hea t ing  and, e s p e c i a l l y ,  coo l ing  
office bui ldings  with s o l a r  erlergy. T h i s  vould p rano te  year-round use o f  s o l a r  
c o l l e c t o r s  r a t h e r  than seasonal  use f o r  hea t ing  only .  

The t e c t ~ n l c a l  p r o b l m  with s o l a r  cooling systems is t h a t  t h e  outpil t  tem- 
pera tu re  produced by t y p i c a l  f l a t - p l a t e  c o l l e c t o r s  is very near  t h e  p r a c t i c a l  
lawer l i m i t  of the  temperatlire needed t o  d r i v e  absorp t ion  c h i l l e r s .  For high 
e f f i c i e n c i e s  i n  t h e  s o l a r  c o l l e c t o r s ,  d i scharge  temperatures  must be kept  l o w ;  
however, water temperatures too low r e s u l t  i n  excess ive  c h i l l e r  c a p a c i t y  reduc- 
t i o n s .  Tlre e f f e c t  of water temperature (output  £ r a n  c o l l e c t o r s  and inpu t  to  
the  absorpt ion u n i t )  on t h e  c a p a c i t i e s  of s o l a r  c o l l e c t o r s  and a b s o r p t i o n  c h i l -  
l e r s  is i l l u s t r a t e d  i n  f i g u r e  l .  4s water tempezature inc reases ,  t h e  c a p a c i t y  
of the c h i l l e r  increases :  however, the  e f f e c t i v e  c a p a c i t y  o f  the  c o l l e c t o r s  
decreases  witn inc reas ing  water temperature.  A s  a r e s u l t  and as shown i n  f i g -  
ure  1 ,  a t  given a n d i t i o n s  a ~ a t u r a l  balance po in t  is achieved wi th  a water t e m -  
p e r a t u r e  of approximately 88% (1 YOOF) and a system c a p a c i t y  of 3i 6 icbi i 9 0  t o n s ) .  



The SBTF* shown i n  f i g u r e  2, is an o f f i c e  bu i ld ing  and s o l a r  f i e l d .  The 
o f f  ice bu i ld ing ,  t h e  Systems Engincer ing Bui lding (SEB) , a c c e p t s  h e a t  f rcm an  
ad jo in ing  solar collector f i e l d  to both  h e a t  and c o o l  t h e  bui ld ing.  The solar 
energy system is biased toward t h e  coo l ing  c y c l e  because o f  energy use p a t t e r n s  
i n  an o f f i c e  bu i ld ing  and c l i m a t i c  c o n d i t i o n s  a t  t h e  test f a c i l i t y  l o c a t i o n .  
The SBTP w a s  designed a s  an  exper imental  f a c i l i t y  to (1) test. systems coerponents, 
including high-performance f l a t - p l a t e  c o l l e c t o r s ;  !2) t e  .t performance o f  a cm- 
p l e t e  solar hea t ing  and coo l ing  system; (3)  i n v e s t i g a t e  zaeponent i n t e r a c t i o n s ;  
and (4)  i n v e s t i g a t e  d u r a b i l i t y ,  maintenance, and r e l i a b i l i t y  o f  components. The 
s o l a r  system was designed to provide a major p o r t i o n  o f  t h e  o f f i c e  b u i l d i n g ' s  
hea t ing  and coo l ing  requirements.  

When t h i s  p r o j e c t  o r i g i n a t e d  i n  1973, it w a s  decided to s u b s t i t u t e  an 
absorp t ion  c h i l l e r  d r iven  by s o l a r  energy f o r  a c e n t r i f u g a l - t y p e  c h i l l e r  as t h e  
coo l ing  system i n  a new o f f i c e  bu i ld ing  scheduled f o r  cons t r t r c t ion  a t  t a n g l e y  
Research Center.  The poject design w a s  a s s i s t e d  by u s e  of NECAP, NASA's 
Energy-Cost Ana lys i s  P r o g r a  desc r ibed  i n  r e f e r e n c e  1 ,  f o r  determining air m n -  
d i t i o n i n g  comp.rent s i z i n g ,  m l l e c t o r  t i l t  angle ,  and o t h e r  bu i ld ing  and system 
f e a t u r e s -  Cons t ruc t ion  was canpleted,  and t h e  SBTF becane o p e r a t i o n a l  i n  
May 1 976. 

Th is  r e p o r t  e v a l u a t e s  t h e  performance of t h e  h e a t i n g  and coo l ing  system 
over a 4-year per iod o f  opera t ion ,  wi th  d a t a  provided f o r  a p a r t i c u l a r  represen-  
t a t i v e  1 -year per iod f rora September 1 977 through August 1 978. The dynamics o f  
t h e  sys tem's  amponents  are eva lua ted  a s  w e l l  a s  t h e  performance of the  o v e r a l l  
system i n  regard  to such parameters a s  e f f i c i e n c y  of t h e  s o l a r  c b l l e c t o r s  and 
percentage of thermal energy provided by t h e  s o l a r  system. 

Data a r e  repor ted  i n  both S . I .  Uni ts  and U.S. Custamary Uni t s .  O r i g i n a l  
measurements were made i c  U.S. Custanary Uni ts .  

U s e  o f  t r a d e  names o r  manufacturers '  names eoes not  c o n s t i t u t e  an o f f i c i a l  
endorsement of such products or  manufacturers,  e i t h e r  expressed o r  implied, by 
NASA. 

DESCRIPTION OF' FACILITY 

The SBTF I s  loca ted  a t  t h e  NASA Lanqley Research Center i n  Hampton, 
V i r g i n i a ,  l a t i t u d e  37O N, longi tude 76.4O W. The test f a c i l i t y  c o n s i s t s  of 
t h e  o f f i e  b u i l d i n  and an ad jo in ing  11 76-m2 ( 1 2  669-ft2) s o l a r  c o l l e c t o r  
f i e l d  wi th  a 11 4 - 9  (30 000-gal) tank f ~r energy s to rage .  The measured hor i -  
zonta l  s o l a r  energy a t  t h e  test s i te  is 4.8 ~ ~ / m ~ - ~ r  (420 000 13tu/ft2-yr) ,  
about 75 percen t  of t h e o r e t i c a l  'no-cloud" i n s o l a t i o n .  

The piping,/control  system is d i a g r a m e d  i n  f i g u r e  3. The system is i n s t r u -  
mented so that 152 d i f f e r e n t  temperatures ,  p ressures ,  and flow r a t e s  a r e  mea- 
sured and recorded every 5 minutes dur ing  the day ar.d once per hour a t  n igh t .  
Both pneumatic and ~mmputer-based moni tor ing equipnent  is used t o  o b t a i n  opera t -  
ing  d a t a  on t h e  bui ld ing,  absorp t ion  c h i l l e r ,  s t o r a g e  tank,  and c o l l e c t o r s .  
Reference 2 o f f e r s  a d d i t i o n a l  information on t h e  design and c v n s t r u c t i o n  of 
t h e  .SBTF. 



Building 

Construction.- The office building is a 4645-m2 (SO 000-ft2) single-story 
structure providing office space for over 300 engineering personnel. Walls are 
made of concrete block with brick-veneer facing. Inside surfaces of exterior 
walls are insulated and covered with gypsum board. Twenty percent of the wall 
space in occupied areas is composed of heat-absorbing glass. The ceiling is 
19-mi (3/4-in.) acoustical, lay-in tile, which forms an overhead cavity used 
as a return plenum for the air conditioning system. The roof is metal deck 
covered with 76 mm~ (3 in.) of cellular insulation and roofing. The lighting 
is fluorescent, designed for 40.9 W/m2 (3.8 W/ft2). The building electrical 
load for lighting an2 receptacles is actually 28.1 W/m2 (2.6 W/ft2) throughout 
the gross building area after lighting reduction and relamping with lower 
wattage l a p s  was accomplished. The building was designed to conserve energy 
by using methods such as extra insulation, installing tinted and recessed 
windows, flcwing return air through the light fixtures, using outside air tor 
air conditioqing when the ambient air temperature is appropriate, and allowing 
large temperature excursions within the building during working and nonworking 
hours. 

Environmental system.- The Sm is amled by a central-station, variable- 
volume air conditioning system that operates between 13 200 and 21 700 L/s 
(28 000 and 46 000 cfm) . The plenum over the ceiling is used as - return air 
path. Chilled water for cooling is provided by a 61 2-kW (1 74-ton) lithim 
bromide absorption nachine having a 5.1-kW circulating pump. The capacity of 
the absorption machine for air conditioning is a function of the incoming hot 
water temperature (see fig. 1 ) .  

A hot water perimeter baseboard system provides heating. The baseboard 
can produce 146.5 kW (500 000 Btu/hr) using 7 7 O ~  (170°?: water and 1 8 O ~  (65O~) 
space temperature. Sane additional heat can be obtained f ran unit heaters 
located ic the ceiling plenum. 

Hot water for operation of the absorption chiller and the baseboard heating 
is supplied bk- the solar field (either directly £ran the collectors or £ran the 
storage tank) or supplemented by a conventional steam-to-hot-water converter. 
This converter system can fulfill 100 percent of the building's energy require- 
ments if needed. 

The equipnent for heating, air conditioning, and ventilating the SEB is 
located in a 279-m2 (3000-ft2) second-story structure ("penthcuse") near the 
center of the building. The mntroi center and data-handling system for the 
SBW are also housed there. 

Solar Field 

Solar collectors.- Different types of flat-plate collectors are installed 
on nonadjustable wooden stands facing directly south and tilted 32O f r m  the 
horizontal. The collector field is at ground level rather than on the building 
roof to facilitate access for inspection, monitoring, and modifications. 



O r i g i n a l l y  there were 12  rows, each c o n t a i n i n g  51 c o l l e c t o r s  (except f o r  
row 3, which c o n t a i n s  42 c o l l e c t o r s ) ,  t o t a l i n g  603 collectcrs i n  t h e  s o l a r  f i e l d .  
A 1 3 t h  row w a s  added i n  1979. The o r i g i n a l  i n s t a l l a t i o n  o f  c o l l e c t o r s  i n  t h e  
s o l a r  f i e l d  is l i s t e d  i n  t a b l e  I along wi th  t h e  i n s t a l l a t i o n  e x i s t i n g  as of 
J u l y  1980. Figure  4 is a photograph of the c o l l e c t o r s  i n  t h e  s o l a r  f i e l d .  
Reference 3 m n t a i n s  informat ion on t h e  w n s t r u c t i o n  of t h e  s o l a r  c o l l e c t o r s  
and t h e i r  performance dur ing t h e  f i r s t  few months of operat ion.  

The water flow through each row of c o l l e c t o r s  is modulated so t h a t  each 
type o f  wllector r a i s e s  t h e  water temperature  e q u a l l y  to a & s i r e d  l e v e l .  
The e f f i c i e n c i e s  of d i f f e r e n t  m l l e c t o r s  can t h u s  be compared. As new t y p e s  
of m l l e c t o r s ,  such a s  t r a c k i n g  collectors and vacuum tube c o l l e c t o r s ,  have 
became a v a i l a b l e ,  they  have been incorpora ted  i n  t h e  f i e l d  f o r  t e s t i ~ g .  

Storage.  - The hot water s t o r a g e  f a c i l i t y  is a s u r p l u s  l i q u i d  oxygen tank  
t h  a c a p a c i t y  of 11 4 m3 (30 000 g a l ) .  The t ank  has a vacuum jacke t  ~ h i c h  
nimizes thermal loss. The t a n k ' s  i n t e r n a l  dimensions a r e  2.9 m (9.5 f t )  

i n  diameter and i 6.8 m (55 f t )  i n  l eng th .  F u l l  l e n a t h  headers a r e  provided a t  
the  tank b o t t a n  and j u s t  b e l w  the water l e v e l .  The t ank  is a l s o  used a s  t b e  
system's expansion tank.  S i n c e  t h e  a i r  v o l m e  i n  t h e  t ank  is not  adequate  f o r  
expansion of water due t o  temperature  v a r i a t i o n s ,  a i r  is e i t h e r  brought i n t o  
o r  taken o u t  of t h e  tank to  l i m i t  t h e  sys tem's  p ressure  exccrs ions .  S e r v i c e  a i r  
£ ran  a pressure-reducing s t a t i o n  is used to  e s t a b l i s h  a minimum tank p r e s s u r e  a t  
206 kPa (30  p s i ) .  When pressure  exceeds 275 kPa (40 p s i )  due t o  t e a p e r a t u r e ,  
a i r  is r e l i e v e d  through a pressare-reducing valve .  

S h o r t - c i r c u i t i n g  of water flow between t h e  neaders has been a major prob- 
l e m  i n  o b t a i n i n g  energy £ ran  t h e  s t c r a g e  tank.  A s i n g l e  h o r i z o n t a l  b a f f l e  was 
i n s t a l i e d  i n  1973 to minimize s h o r t - c i r c u i t i n g .  

W a ~ e r  treatment.-  -. The water p ip ing  f o r  t h e  s o l a r  c o l l e c t o r  system is 
steel and copper. The commercially a v a i l a b l e  c o l l e c t o r s  a r e  made of s t e e l  
and aluminum, wi th  sane copper c \> l l ez to rs  added i n  1979. C o l l e c t o r  corro-  
s i o n ,  encouraged by d i s s i m i l a r  meta l s  i n  t h e  system, was a major concern.  
After  c o n s t r u c t i o n ,  the  hot  water system was c leaned.  M i l i  s c a l e ,  d i r t ,  o i l s ,  
f luxes ,  and o t h e r  i m p u r i t i e s  were removed using a s o l u t i o n  con ta in ing  0.4 per- 
c e n t  t r i sodium phosphate, 0.4 percen t  sodium m e t a s i l i c a t e ,  2nd 0.04 percen t  
low-foaming d e t e r g e n t   ash' ) .  This  mixture was c i r c u l a t e d  us ina  t h e  sys tem's  
pumps a t  temperatures o f  60°C t o  71°C ( 1 4 0 ° ~  t o  160°;r) f o r  1 day. The aluminum 
c o l l e c t o r s  were cleaned s e p a r a t e l y  wi th  a s i m i l a r  s o l u t i o n  which conta ined on ly  
ha l f  of t h e  above rwncentra t ion of t r i sodium phosphate. The c leanIng mixture 
was dra ined,  and f lush ing  was performed t h r e e  times to e l i m i n a t e  t h e  c lean ing  
mate r ia l .  

Sca le  c o n t r o l  i n  t h e  c o l l e c t o r s  was a l s o  considered.  This was necessa ry  
because t h e  l o c a l  water supply  has a t o t a l  hardness of 75 ppm (aeasured a s  
calcium carbonate  1 and because t b  c o l l e c t o r s  have high s u r f  a c e  temperatures  
where c a l c i m  carbonate  s c a l e  could b u i l d  c?. For t h e s e  reasons ,  so f tened  
water,  £ ran  which c a l c i m  has been e l imina ted ,  was used t o  f i l l  t h e  system. 

 ash: t r a d e  naae of Proc te r  6 Gamble Co. 



Metal i n  t he  o o l l e c t o r s  was p r o t e c t e d  from t h e  oxygen i n  t h e  hot water by 
a chemical f i lm.  The water i n  t h e  system was t o  be t r e a t e d  wi th  s o d i m  c h r a n a t e  
and sodirm d i c h r m a t e  to o b t a i n  a chroaa te  l e v e l  of 800 to 1000 ppa and a pi 
of 8.0. Afte r  t h e  i n i t i a l  chemical  charge of sodiun chramate, t h e  c h r a n a t e  
l e v e l  was 900 ppm. Therefore,  o n l y  enough sod iua  d i c h r a n a t e  w a s  added to  o b t a i n  
1000 p p  of chranate .  Th i s  r e s u l t e d  i n  a pH of 9.4, which was c o r r e c t e d  to 8.0 
us ing  b o r i c  ac id .  The pH c o r r e c t i o n  is e s p e c i a l l y  c r i t i c a l  s i n c e  aluminum w a s  
used i n  t h e  system. Saae sodium metasilicate w a s  added to provide a d d i t i o n a l  
a l m i n m  pro tec t ion .  The time per iod  between c lean ing ,  f i l l i n g ,  and t rea tment  
w a s  kept to a minimum, s i n c e  cor ros ion  begins  immediately a f t e r  t h e  c l e a n e r  is 
removed. 

I n  t h e  presence of t h e  high c h r m a t e  concen t ra t ion  and high temperatare ,  
t h e r e  was ooncern t h a t  pump seals would exper ience  e a r l y  f a i l u r e .  P r o t e c t i v e  
procedures  included a 5-vm f i l t e r  on  t h e  water seal purge l i n e  and a few f e e t  
o f  uninsula ted oopper tub ing  i n  t h e  l i n e  to  reduce t he  temperature  o f  the 
f l u s h i n g  water to the  puap seals. 

Control  ooncept.- The genera l  p ip ing  system is cons t ruc ted  and valved i n  
such a way t h a t  flow can be v a r i e d  o r  a l t e r e d  and s t u d i e d .  Four c o n d i t i o n s  a r e  
p o s s i b l e  f o r  t h e  s o l a r  system: 

1 .  Balanced, i n  which water is d e l i v e r e d  d i r e c t l y  £ran t h e  c o l l e c t o r s  
to  t h e  absorp t ion  c h i l l e r  or baseboard h e a t i n g  system 

2. S torage,  i n  which hot  water  f r a n  t h e  c o l l e c t o r s  is taken  f r a o  t h e  
water l o o p  and d e l i v e r e d  to the t o p  o f  t h e  s t o r a g e  tank;  the cooler  
water a t  t h e  b o t t a n  of t h e  tank flows to t h e  punp and then back to 
the o o l l e c t o r s  

3. Reclaim, i n  which t h e  r e t u r n  "used" water f r m  t h e  b u i l d i n g  is d e l i v e r e d  
i n t o  t h e  bo t tan  of the s t o r a g e  tank,  ar:d the  hot water f r a n  the t o p  o f  
t h e  s t o r a g e  tank is d e l i v e r e d  t o  t h e  bu i ld ing  

4. Freeze p r o t e c t i o n ,  i n  which solar-heated water is c i r c u l a t e d  through t h e  
c o l l e c t o r s  to keep temperatures  above f r e e z i n g ;  a g l y c o l  f r e e z e  pro- 
t e c t i o n  system was added f o r  t h e  1979-80 winter  season. 

The most d e s i r a b l e  o p e r a t i o n  is t o  o b t a i n  hot  water d i r e c t l y  £ran t h e  s o l a r  
c o l l e c t o r s .  T h i s  f l o v  p a t t e r n  p reven t s  temperature  losses f r m  i n t e r a c t i o n  wi th  
heat  exchangers o r  s t o r a g e  t anks  and keeps c h i l l e r  c a p a c i t y  high. I f  t h e  tem- 
p e r a t u r e  of the  water f ran t h e  s o l a r  c o l l e c t o r s  is t o o  lw, hot  water is taken 
f r a n  t h e  s t o r a g e  tank.  I f  n e i t h e r  of t h e s e  s o u r c e s  is adequate and supply tew 
p e r a t o r e s  a r e  belw 7 7 O ~  (1 7 0 ° ~ )  , a l l  thermal energy is ob ta ined  f ran t h e  s u p  
plemental  source.  When water of s u f f i c i e n t  temperature  is a g a i n  a v a i l a b l e  i n  
t h e  s o l a r  f i e l d ,  t h e  system a u t a n a t i c a l l y  changes back t o  o b t a i n i n g  h o t  water 
f r a n  t h i s  source .  T h i s  " f l i p - f l o p n  arrangement was used because "topping o f f "  
of solac-heated water (running i t  through t h e  conver ter  used a s  t h e  supplemental  
energy source)  would r e s u l t  i n  higher temperatures  i n t o  t h e  c o l l e c t o r s ,  causing 
a decrease  i n  c o l l e c t o r  e f f i c i e n c i e s .  



PEWORMANCE EVALUATION 

O v e r a l l  System Performance 

Table  I1 summarizes the performance of t he  s o l a r  system dur ing  a t y p i c a l  
12-month per iod  of opera t ion ,  from September 1977 through August 1978. During 
t h e  1-year per iod,  57 percen t  of t h e  energy r e q u i r e d  f o r  h e a t i n g  and c o o l i n g  
t h e  S m  was provided by t h e  s o l a r  system, wi th  43 percen t  provided by t h e  backup 
system. On a monthly b a s i s ,  t h e  p o r t i o n  o f  requ i red  thermal energy provided 
by t h e  s o l a r  system v a r i e d  from lows of 33 and 3 5  percen t  i n  January and 
February, r e s p e c t i v e l y ,  to 100 p e r c e n t  dur ing November and Apr i l .  Of the  
11 76 m2 (1 2 660 f t2) of s o l a r  c o l l e c t o r s  a v a i l a b l e ,  1 064 m2 (1 1 450 f t2) were 
o p e r a t i o n a l  £ram September 1977 through A p r i l  1978. From May 1978 through 
August 1 978, t h e  o p e r a t i o n a l  s o l a r  f i e l d  was f u r t h e r  reduced to 974 m 2  
(10 480 f t 2 )  due to maintenance and r e p a i r s .  T h i s  had t h e  e f f e c t  of l a u e r i n g  
t h e  percentage of requ i red  thermal energy supp l ied  by t h e  s o l a r  system. T o t a l  
e l e c t r i c a l  and thermal energy consumption o f  the  SEB d u r i n g  t h e  12-month per iod  
of d a t a  c o l l e c t i o n  shown i n  t a b l e  I1 w a s  0.97 ~ / m ~ - ~ r  (85 400 ~ t u / f t ~ - ~ r ) .  

Shown i n  t a b l e  I11 is a breakdown of the thermal energy consumption i n  t h e  
cm f o r  heat ing and cool ing on a monthly and annual bas i s .  Over the 1-year 
per iod, 81 percen t  of t h e  thermal energy c o n s m e d  was f o r  cool ing,  and 1 9  per-  
cen t  was f o r  heat ing,  j u s t i f y i n g  t h e  system design b i a s  toward coo l ing  i n  t h e  
SBTF. Heat was required dur ing  8 o f  12 months (October-May). A i r  cond i t ion ing  
was required i n  9 of 1 2 months, f run  March through November. 

The u t i l i z a t i o n  r a t e  of c o l l e c t e d  s o l a r  energy is given i n  t a b l e  IV.  Over 
t h e  12-month per iod,  46 percent  of t h e  energy captured by s o l a r  c o l l e c t o r s  was 
a c t u a l l y  used. Monthly use r a t e s  va r ied  widely from a low of  8 p e r c e n t  dur ing 
Apri l  t o  a high of 85 percen t  dur ing  June. The average u t i l i z a t i o n  dur ing  t h e  
months when no heat  was needed and t h e  energy usage r e f l e c t e d  o n l y  coo l ing  con- 
sumption (June,  J u l y ,  August, and September) was 82 percent .  

For t h e  month o f  Apr i l ,  when t h e  h ighes t  amount of energy was c a l l e c t e d ,  
the  bui ld ing used l i t t l e  energy, and thus  t h e  energy u t i l i z a t i o n  percen t  was 
very lcw. During t h i s  per iod,  thermal losses were high due to  high system tem- 
pera tu res ;  i n  f a c t ,  sane energy had t o  be r e j e c t e d  by c i r c u l a t i n g  water through 
t h e  m l l e c t o r s  a t  n igh t  t o  keep t h e  c o l l e c t o r  temperature  under 110% (230°F) 
dur ing t h e  day. 

Bui lding environment wi th  cool ing. -  On work days when coo l ing  is requ i red ,  
the  bui ld ing cool ing o p e r a t i o n  s t a r t s  a t  7:30 a.m. The absorp t ion  c h i l l e r  
energy comes f ran the s t o r a g e  t ank  o r  t h e  supplemental  e n e r g y  source  because 
t h e  water i n  t h e  s o l a r  c o l l e c t o r s  has not  reached a s u f f i c i e n t  temperature.  
Typ ica l ly ,  by 10:30 a.m. (DST), t h e  water i n  t h e  c o l l e c t o r s  reaches  7g0c to 8 2 O ~  
( I  75- t o  1 80°F), a t  which p o i n t  t h e  system is switched to o p e r a t e  d i r e c t l y  
f r a n  the  s o l a r  m l l e c t o r s .  With normal Sun, the  system o p e r a t e s  £ran the s o l a r  
f i e l d  f o r  t h e  remainder of t h e  work day ( u n t i l  4:30 p.m. 1 .  

The water temperature  of 82% (1 80°F) a v a i l a b l e  £ ran  the s o l a r  f i e l d  
resulked i n  higher c h i *  e d  water temperatures  of 13% to 16OC (5S01? to 60°F) 
f r a n  the  absorp t ion  machine than t h e  ~ O C  (4S°F) c h i l l e d  water temperature  



normally used f o r  a x l i n g  and dehumidifying o f f i c e  bu i ld ings .  Nonetheless,  an 
accep tab le  working environment was provided by compensating f o r  t h e  r e s u l t a n t  
high humidity by l a u e r i n g  d r y  bulb  temperatures  i n  t h e  S B  about 0 . 5 O ~   OF) 
f o r  each 10-percent r i s e  i n  r e l a t i v e  humidity, up to 70 percent .  When t h e  
humidity reaches  t h i s  po in t ,  supplemental  energy is used f o r  environmental  
c o n t r o l .  

A s a t i s f a c t o r y  environmental  c o n d i t i o n  has been provided using 1 t o n  o f  
cool ing per 46 m2 (500 f t 2 )  of bu i ld ing .  T h i s  is about ha l f  of the  c a p a c i t y  
g e n e r a l l y  designed i n t o  convent ional  o f f i c e  bui ld ings .  T h i s  lower c a p a c i t y  
has  been made f e a s i b l e  by (1)  mainta ining a low f r e s h  a i r  v e n t i l a t i o n  r a t e  of 
708 L/s (1500 cfm) o r  2.4 (L/s)/person (5  cfm/person), (2) a l lowing temperature  
cond i t ions  t o  vary o r  "ramp" ( i n c r e a s e  d u r i n g  t h e  workday) wi th in  the bui ld ing ,  
a r d  (3) l e t t i n g  humidity r i s e  whi le  compensating by us ing l w e r  temperatures  i n  
occupied a reas ,  a s  mentioned previously .  

The p s y c h r a n e t r i c  c h a r t  i n  f i g u r e  5 shows t h e  range of temperature  and 
humidity cond i t ions  dur ing 99 percen t  of t h e  a c t u a l  working hours  i n  1977 com- 
pared wi th  t h e  ASHRAE Standard 55-74 comfort  zone ( r e f .  4 ) .  

During t h e  summer, t h e  bu i ld ing  exceeded ASHRAE c m f  o r t  s t a n d a r d s  o n l y  
5 percent  of t h e  working hours. When ASHRAE s t a n d a r d s  were n o t  met, i t  was 
u s u a l l y  due t o  t h e  r e l a t i v e  humidity l i m i t  being exceeded. Thus, it was d e t e r -  
mined t h a t  an absorp t ion  system can use c h i l l e r  water temperatures  higher than  
t h e  normal des ign temperature  of ~ O C  ( 4 5 O ~ )  and t h a t  a wor king environment can 
be s a t i s f a c t o r y ,  or a t  l e a s t  acceptable ,  a t  much higher humidi t ies  than t h e  
50 percent  des ign l i m i t  used i n  t h e  p a s t  i f  canpensat ion is made i n  t h e  form of 
lower temper a t  u res  . 

Building environment with heatin%.- For heat ing,  20 percent  of t h e  working 
hours  were b e l m  t h e  ASH= comfort zone. Hwever ,  p r i o r  t o  1979, t h e  low tem- 
p e r a t u r e  l i m i t  f o r  t h e  SEB was 20- ( 6 8 O ~ )  i n  accordance wi th  f e d e r a l  g u i d e l i n e s  
e s t a b l i s h e d  by a Federa l  Energy Off ice memorandum dated January 1 7, 1 974 (and 
enclosed Federa l  Management C i r c u l a r  74-1, A t t .  C )  . The temperature  i n  t h e  
bu i ld ing  was below t h i s  temperature (20°c o r  6e0F) o n l y  3 pe rcen t  of t h e  working 
hours. 

Several  f a c t o r s  c o n t r i b u t e d  t o  t h e  lower-than-desired temperatures  i n  
winter .  The s i z e  of t h e  baseboard hea t ing  system does not  provide adequate  
hea t ing  c a p a c i t y  f o r  t h e  bui ld ing.  Thus, it  does not have t h e  necessa ry  temper- 
a t u r e  pickup on co ld  mornings, and it does not  have t h e  a b i l i t y  t o  use e f fec -  
t i v e l y  the  lower water temperatures  a v a i l a b l e  dur ing winter  months. For t h e  
f i r s t  s e v e r a l  yea rs  of o p e r a t i o n ,  use of so la r -hea ted  water f o r  p r o t e c t i n g  s o l a r  
c o l l e c t o r s  £ran f r e e z i n g  a l s o  tended t o  lwer t h e  temperature  of water a v a i l a b l e  
f o r  the  hea t ing  system. 

During t h e  winter of 1979-1980, a hea t  exchanger was i n s t a l l e d  s o  t h a t  a 
f r e e z e  p r o t e c t i o n  medium (e thy lene  g l y c o l )  could be added t o  the c o l l e c t o r s .  
Although t h i s  approach e l imina ted  t h e  danger of c o l l e c t o r  f reezeup,  a ~ O C    OF) 
temperature pena l ty  r e s u l t e d  a c r o s s  t h e  hea t  exchanger. 



Single-glazed windows were o r i g i n a l l y  i n s t a l l e d  i n  t h e  bu i ld ing  because 
NECAP canputer energy d a t a  i n d i c a t e d  t h a t  double-glazing would not  be cost- 
e f f e c t i v e .  Nonetheless,  even wi th  i n s i d e  temperatures  of 22% ( 7 2 O ~ )  or higher ,  
cold  d r a f t s  caused personal  d iscomfor t ,  and a d d i t i o n a l  space hea t ing  was neces- 
sa ry .  Storm windows were added i n  1978 t o  h e l p  c o r r e c t  t h i s  problem. 

Occupants cunplained o f  " s t u f f i n e s s n  a t  c e r t a i n  times. This  always occur red  
on ax1 days when t h e  a i r  d i s t r i b u t i o n  system was i n  its economy cyc le .  Although 
l a r g e  amounts o f  f r e s h  a i r  were brought i n t o  t h e  bu i ld ing  dur ing  t h e s e  per iods ,  
t h e  var iable-volume te rmina l  dampers reduced a i r  c i r c u l a t i o n  flow to less than 
2.6 ( ~ / s ) / m ~  (0.5 c f d f t 2 ) .  Th i s  s i t u a t i o n  was improved by a d j u s t i n g  t h e  d i s -  
charge a i r  t o  a higher temperature t o  keep a i r f l o w s  higher.  I n  a d d i t i o n ,  when 
t h e  temperature dropped below a 2 2 O ~  ( 7 2 O ~ )  i n  t h e  o f f i c e  a r e a ,  t h e  va r iab le -  
air-volume system pressure  was reduced so t h a t  a l l  v a r i a b l e  volume t e r m i n a l  
boxes were opened, a l lowing a t  l e a s t  2.6 (~ /s) / rn~ (0.5 c f d f t 2 )  c i r c u l a t i o n  
throughout the  bui ld ing.  

Performance o f  Canponents 

Figure 6 i l l u s t r a t e s  sane of t h e  thermal and energy c h a r a c t e r i s t i c s  of t h e  
SBTF t h a t  a r e  monitored on a cont inuing b a s i s .  A s  can be s e e n  i n  f i g u r e  6 ( a ) ,  
temperatures a r e  recorded f o r  t h e  o f f i c e  bu i ld ing ,  ambient a i r ,  ho t  water d i s -  
charged £ran t h e  s o l a r  f i e l d ,  and water i n  t h e  s t o r a g e  tank a t  upper and lower 
l e v e l s .  Figure  6 ( b )  i l l u s t r a t e s  energy production and u t i l i z a t i o n  d a t a  over a 
t y p i c a l  3-day per iod dur ing  t h e  sumner. A key is presen t  on each of t h e s e  f i g -  
ures  expla ining sane  of the  o p e r a t i n g  c h a r a c t e r i s t i c s  which a r e  shown i n  t h e  
graphs. 

Absorption c h i l l e r . -  The type of absorpt ion machine used i n  t h e  SBTF is not 
s u b j e c t  t o  "freezeup" or c r y s t a l l i z a t i o n  of l i t h i u m  bromide s a l t s  from l o w  hot  
water temperatures,  because pumping of the  s a l t  s o l u t i o n  keeps concen t ra t ion  
down. Th is  is i n  c o n t r a s t  t o  smal l ,  unpumped "thermal l i f t "  absorp t ion  c h i l l e r s  
used i n  e a r l i e r  s o l a r  demonstration p r o j e c t s .  These unpumped u n i t s  would o f t e n  
c r y s t a l l i z e ,  r e s u l t i n g  i n  u n s a t i s f a c t o r y  performance of t h e  s o l a r  coo l ing  system 
and thus  unfavorably in f luenc ing  t h e  p u b l i c  image of s o l a r  cool ing.  

Table  V shows t h e  m e f f  i c i e n t  of performance (COP) f o r  t h e  absorp t ion  c h i l -  
l e r  on a monthly b a s i s  over a t y p i c a l  l-year per iod.  Cooling was not r equ i red  
dur ing December, January,  and February.  During t h e  remaining 9 months, COP val-  
ues ranged from 0.40 t o  0.65, wi th  an annual average of 0.62. I f  t h e  va lues  
dur ing  months of l o w  cool ing requirements (October, November, March, and A p r i l )  
a r e  e l iminated,  the  long-term c o e f f i c i e n t  of performance range is 0.59 t o  0.65 
f o r  t h e  per iod from May through September. These COP va lues  a r e  wi th in  t h e  
expected range of 0.6 t o  0.7 f o r  machines of t h i s  type. 

The l i th ium bromide machine has been most e f f e c t i v e l y  opera ted  wi th  some 
of the  pumped (weak) s o l u t i o n  bypassed t o  t h e  absorber ,  thus  reducing t h e  solu-  
t i o n  flow through t h e  genera to r .  This  r e s u l t s  i n  a more concen t ra ted  s o l u t i o n  
being supp l ied  t o  the  sp ray  heads i n  t h e  absorber.  



H o t  water needed f o r  t h e  necessa ry  c h i l l e r  c a p a c i t y  o f  21 1 to  352 kW 
(60 t o  100 tons )  can be obta ined  using 740C t o  96% (1 6 5 9  to 2 0 5 O ~ )  water.  
The c h i l l e r  o p e r a t i o n  f rm the s o l a r  f i e l d  has been s a t i s f a c t o r y ,  e s p e c i a l l y  
when cool ing tower water is a few degrees below normal des ign condenser water 
temperature.  

The o r i g i n a l  machine had a two-pass heat  exchanger i n  t h e  genera to r .  T h i s  
a l l w e d  mi form b i l i n g  o f  the  r e f r i g e r a n t  i n  t h e  genera to r ,  thereby reducing 
t h e  chance o f  l i t h i u m  brcmi& carryover  i n t o  t h e  condenser. The machine has 
been modified to a l l w  hot water from the s o l a r  f i e l d  to e n t e r  t h e  generator  z t  
t h e  same end where t h e  s t r o n g  ho t  s o l u t i o n  is removed; thus ,  a counter  flow 
c i r c u i t  is e s t a b l i s h e d .  M o s t  of t h e  b o i l i n g  is now assumed to take  p lace  a t  
t h e  hot-water-inlet  end of t h e  generator  chamber. S i n c e  t h e  load  is  kept lower 
than 60 percent  of the  machine's  r a t e d  capac i ty ,  t h e r e  is l i t t l e  danger, and no 
i n d i c a t i o n ,  of s a l t  carryover  to  t h e  u n i t ' s  condenser. 

Solar  c o l l e c t o r s . -  Table  VI summarizes t h e  performance of t h e  s o l a r  co l l ec -  
t o r s  over a 12-mocth period.  On a monthly b a s i s ,  t h e  e f f i c i e n c y  of t h e  co l l ec -  
t o r s  va r ied  f r m  20 to  31 percen t ,  wi th  an average value  of 26 percen t .  

I n  t h e  SBTF, t h e  tilt ang le  of t h e  c o l l e c t o r s  is 32O £ran  t h e  h o r i z o n t a l ,  
f a c i n g  south ,  r e f l e c t i n g  t h e  emphasis on coo l ing  f o r  summer opera t ion .  T h i s  
ang le  was determined by a ~ o d i f i e d  NECAP prooiam. As inf l ica ted e a r l i e r ,  t h e  
a v a i l a b i l i t y  of hot water d i r e c t l y  £ran the  s o l a r  f i e l d  is delayed u n t i l  mid- 
morning because t h e  c o l l e c t o r s  f a c e  sou th .  Over a l l  system performance would be 
improved by changing t h e  azimuth of t h e  c o l l e c t o r s  toward t h e  east by 20° to  300. 
This  would r e s u l t  i n  a c o l l e c t o r  o p e r a t i o n  per iod  t h a t  b e t t e r  c o i n c i d e s  wi th  t h e  
coo l ing  needs or  working hours i n  t h e  SEB, even though less s o l a r  energy would 
be co l l ec ted .  

Although peak hour ly  c o l l e c t o r  e f f i c i e n c i e s  o f t e n  exceeded 40 pe rcen t  on 
sunny days, t h e  26-percent average achieved over t h e  12-month per iod  is about 
a s  expected due t o  the  high water temperature  necessa ry  f o r  absorp t ion  c h i l l e r  
o p e r s t i o n .  Actual daytime c o l l e c t o r  e f f i c i e n c y  was wi thin  5 percent  of pre- 
d i c t e d  e f f i c j e n c y ,  a s  ind ica ted  i n  re fe rence  3. 

The f i e l d  was iqspec ted  d a i l y  f o r  l e a k s  and/or malfunct ioning c o n t r o l s .  
When required,  r e p a i r s  were made i n  t h e  morning when t h e  system is r e l a t i v e l y  
cool .  To i n t e r r u p t  flow l a t e r  could cause  t h e  s o l u t i o n  i n  t h e  c o l l e c t o r s  t o  
bo i l ,  thereby c r e a t i n g  a dangerous s i t u a t i o n  f o r  maintenance personnel.  

One c o l l e c t o r  type,  manufactured using a plywood c a b i n e t  and an aluminum 
p l a t e  absorber ,  f a i l e d  e a r l y  i n  1977 and was removed from s e r v i c e .  The f a i l u r e  
occurred a t  a poor ly  designed, aluminum-tubing t o  aluminum-plate-coil connector 
due t o  e x t e r n a l  s t r e s s e s .  Other c o l l e c t o r  types  were provided wi th  a d d i t i o n a l  
suppor t  f o r  t h e  connector tubing.  The c o l l e c t o r  t y p e  which f a i l e d  a l s o  exhib- 
i t e d  ex tens ive  degradat ion of the  black p a i n t  coa t ing .  

The most s e r i o u s  and most camnonly experienced problem was t h e  e x t e r n a l  
cor ros ion  of the  steel adap te r s  used t o  connect t h e  c o l l e c t o r s  t o  t h e  f l e x i b l e  
hoses. Moisture became entrapped wi th in  t h e  i n s u l a t i o n ,  and t h e  i n t e r a c t i o n  of 
moisture,  s t e e l ,  and i n s u l a t i o n  c a ~ l s e d  cor ros ive  damage t o  t h e  adap te r s ,  r e s u l t -  



ing i n  l e a k s  - sametimes wi th in  1 year .  The f i e l d  temperature  was o c c a s i o n a l l y  
r a i s e d  t o  l lOOc ( 2 3 0 ° ~ )  i n  an a t tempt  t o  e l i m i n a t e  mois ture ,  but t h e  r e s u l t s  
were inconclusive  regarding the  e f f e c t i v e n e s s  of t h i s  technique.  

The piping and c o l l e c t o r s  a r e  a mixture of steel,  copper,  and aluminum. 
I n t e r n a l  m r r o s i o n  p r o t e c t i o n  is provided by a chromate concen t ra t ion  of 
1000 ppm, with t h e  pH a d j u s t e d  t o  8.0. During t h e  winter of 1977-1 978, t h e  chro- 
mate l e v e l  drcpped to about 600 ppm. This  r e s u l t e d  i n  l e a k s  i n  s e v e r a l  steel 
c o l l e c t o r  panels.  When chrana te  l e v e l s  were a g a i n  inc reasea  t2 1000 ppm, no 
f u r t h e r  problems with leakage were encountered. The i n t e r n a l  p i  t - type cor ros ion  
is i l l u s t r a t e d  i n  f i g u r e  7. The photograph shows a s e c t i o n  through a f a i l e d  
c o l l e c t o r .  The s p e c i f i c  c o l l e c t o r  is made of two s h e e t s  of s t e e l  welded toge ther  
and formed t o  o b t a i n  a water passage.  The f a i l u r e  occurred on  t h e  absorber o r  
hot s i d e  of the  c o l l e c t o r  p l a t e .  

Controls . -  The e x i s t i n g  c o n t r o l  system is somewhat more c a n p l i c a t e d  than 
d e s i r a b l e  o r  p r a c t i c a l  for  r o u t i n e  opera t ion ;  however, it does provide t h e  high 
degree of f l e x i b i l i t y  requ i red  fo r  high-temperature o p e r a t i o n .  Modif icat ions  
w i l l  cont inue t o  be made not  only  t o  improve performan%, but a l s o  t o  decrease  
o p e r a t i o n a l  complexity. 

The s o p h i s t i c a t e d  water-flow f reeze-protect ion system works, but t h e  r i s k s  
a r e  high i n  t h e  V i r g i n i a  c l imate  due 20 t h e  l a r g e  n m ' k r  of hours of f r e e z i n g  
and because a power f a i l u r e  could r e s u l t  i n  ex tens ive ,  c o s t l y  damage t o  t h e  col-  
l e c t o r s .  U t i l i z a t i o n  of a n t i f r e e z e  and i n s t a l l a t i o n  of a heat  exchanger were 
implemented dur ing t h e  winter of 1979-1 980 a s  a s o l u t i o n  t o  t h e  f r e e z e  problem, 
but t h e r e  was a s a c r i f i c e  i n  system performance because of t h e  l o s s e s  a s s o c i a t e d  
wi th  t h e  heat  exchanger. 

Storage tank.-  One problem experienced with t h e  tank has been s h o r t -  
c i r c u i t i n g ,  t h a t  is, incoming water channeling t o  t h e  tank o u t l e t .  When hot 
water is t o  be recovered f r i  s t o r a g e ,  c o o l e r - r e t u r n  water  i s  piped i n t o  t h e  
bot tan of the tank.  Th is  cooler  water unfor tuna te ly  s h o r t - c i r c u i t s  t o  t h e  d i s -  
charge. Sane invers ions  of water temperature have occur redr  a s  i l l u s t r a t e d  i n  
f i g u r e  6 ( a ) .  I n  1979, b a f f l e s  were i n s t a l l e d  t o  minimize t h e  s h o r t - c i r c u i t i n g  
problem. Marginal improvement r e s u l t e d .  

The tank demonstrated very low thermal l o s s e s  because of the  vacuum jacket .  
Tes t ing  has i n d i c a t e d  an average s u r f a c e  thermal hea t  t r a n s f e  c o e f f i c i e n t  of 
l e s s  than 0.113 w/m2-~c (0.02 ~ t u / f t ~ - h r - ~ ~ ) .  T h i s  value includes  a l l  appendages 
f r a n  t h e  tank. 

F l w  measurement devices.-  Problems cont inue t o  occur wi th  t h e  t u r b i n e  
meters used f o r  flow measurements. These problems a r e  caused by water-borne 
t r a s h  and a r e  a m n t i n u i n g  high maintenance c o s t .  

The f i r s t  problem was £ ran  t h e  ~ e f l o n ~  tape  used i n  making screwed piping 
connections.  Long tape  s t r a n d s  peeled o f f  and a t t a c h e d  t o  t h e  t u r b i n e  blades ,  
e r t h e r  s topping or h inder ing t h e i r  r o t a t i o n .  The second problem was t u r b i n e  

' ~ e f l o n :  r e g i s t e r e d  trademark of E. I .  du Pont de Nemours & Co., Inc.  



bear ing  f a i l u r e  due t o  wear. Within t h e  f i r s t  4 months, a 100-percent f a i l u r e  
r a t e  was experienced.  The s i t u a t i o n  was improved by adding a l i n e  f i l t e r  i n  
the  water c i r c u i t .  Unfor tunate ly ,  wi th in  2 yea rs ,  the  c l o t h  f i l t e r  and f e l t  
gaske t ing  m a t e r i a l s  began t o  f a i l  and, i n  tu rn ,  added t o  t h e  problem. 

Two (4-in. ) u l t r a s o n i c  flawmeters were i n s t a l l e d  a t  c r i t i c a l  po in t s .  
Although t h e s e  meters a r e  expensive ($600 fo r  one meter and its a s s o c i a t e d  
e l e c t r o n i c s ) ,  few problems have been experienced a s  long a s  a i r  is kept from 
t h e  u n i t s .  

DES1C;N ONSIDERATIONS FOR FUTURE SOLAR COOLING SYSTES 

On t h e  b a s i s  of exper ience gained through o p e r a t i o n  of t h e  SBTF f o r  4 yea rs ,  
t h e  fol lawing comments a r e  o f f e r e d  t o  those  involved i n  t h e  design of f u t u r e  
s o l a r  cool ing systems: 

1 .  The proper s e l e c t i o n  of a l l  mmponents is highly  important.  Any weak 
clement f o r c e s  o ther  c a p o r - e n t s  t o  o p e r a t e  i n e f f i c i e n t l y .  Car~ponents 
shvuld be adequate ly  s i z e d  t o  u t i l i z e  f u l l y  t h e  lower temperatures 
a v a i l a b l e  £ ran  s o l a r  f i z l d s .  Undersizing of any one component w i l l  
pena l i ze  t h e  o p e r a t i o n  of a l l  o ther  components i n  t h e  system. 

2. Col lec to r  tilt and azimuth should be matched t o  t h e  needs and l o c a t i o n  
of t h e  p a r t i c u l a r  bui ld ing.  The azimuth should be d i r e c t e d  s o  t h a t  
maximum c o l l e c t o r  o u t p u t s  occur dur ing t h e  working hours i n  t h e  build- 
ing. Per iods  of maximum energy production and energy u t i l i z a t i o n  
should co inc ide  a s  much a s  poss ib le .  

3. Bui ldings  can be w o l e d  a t  considerably  lower cap; z i t i e s  r u n i t  a r e a  F than p rev ious ly  used. An o l d  o f f  ice s tandard  was 6.6 m /kW 
(250 f t 2 / t o n ) ,  but today i t  is not m u s u a l  t o  g e t  twice t h a t  a r e a  per 
u n i t  of r e f  r i g e r a t i o n .  

4. The o p e r a t i o n  of an absorp t ion  c h i l l e r  is extremely s e n s i t i v e  t o  t h e  
condenser water temperature.  Experience gained i n  d r i e r  c l imates  
wi th  lower mndenser water temperatures may no t  n e c e s s a r i l y  be t r a n s -  
f e r a b l e  t o  more humid c l imates .  

5. Because high water temperatures from the  c o l l e c t o r s  a r e  important t o  
t h e  o p e r a t i o n  ( ' :  the  c h i l l e r ,  whenever p o s s i b l e ,  ho t  water £ ran  t h e  
s o l a r  f i e l d  should be piped d i r e c t l y  t o  t h e  c h i l l e r  t o  prevevt tem- 
p e r a t u r e  l o s s e s  i n  t h e  s t o r a g e  tank or  hea t  exchanger. 

6 .  S torage systems should be designed t o  c a p t u r e  and d i scharge  t h e  h i g h e s t  
temperatures t h a t  can be produced from t h e  c o l l e c t o r s .  A l a r g e  e x t e n t  
of temperature s t r a t i f i c a t i o n  is p o s s i b l e  i n  s t o r a g e  tank water i f  
tanks  a r e  designed t o  prevent  s h o r t - c i r c u i t i n g .  



The genera l  performance of t h e  S o l a r  Bui lding T e s t  F a c i l i t y  and its sub- 
systems and components over a &year o p e r a t i o n a l  pe r iod  has been discussed.  P r u  
t h e  o p e r a t i o n a l  period and t h e  d a t a  provided f o r  a t y p i c a l  year of opera t ion ,  t h e  
fol lowing conclus ions  a r e  made: 

I .  The S o l a r  Bui lding T e s t  F a c i l i t y  project has  damonstrated t h a t  s o l a r  
coo l ing  systems a r e  t e c h n o l o g i c a l l y  f e a s i b l e .  

2. The s o l a r  system provided 57 percent  of t h e  thermal energy r e q u i r e d  
f o r  hea t ing  and c o o l i r g  over a r e p r e s e n t a t i v e  12-month period.  

3. The average e f f i c i e n c y  of t h e  solar c o l l e c t o r s  w a s  26 percen t  on an  
annual bas i s .  

4. Of t h e  s o l a r  energy c o l l e c t e d  dur ing 1 2  months, 46 percen t  was a c t u a l l y  
u t i l i z e d .  The average u t i l i z a t i o n  r a t e  was 82 p e r c e n t  f o r  the  months 
o f  June  through September, when thermal energy w a s  consrmed f o r  cool- 
ing only .  

5. Pumped absorp t ion  c h i l l e r s  do not  p resen t  t h e  problems of c r y s t a l l i z a -  
t i o n  t h a t  occurred wi th  e a r l i e r  unpumped models. 

6. Hater temperatures t y p i c a l l y  a v a i l a b l e  £ran t h e  s o l a r  f i e l d  r e s u l t e d  i n  
c h i l l e d  water f rau t h e  absorp t ion  machine wi th  higher temperatures  
than t h e  7% ( 4 5 O ~ )  des ign  temperature  normally used t o  cool of f  ice 
bui ldings .  Nonetheless, a s a t i s f a c t o r y  wc-king environment w a s  pr* 
vided by decreasirlg t h e  dry  bulb  temperati ;-e i n  t h e  occupied a r e a s  t o  
compensate f o r  the r e s u l t a n t  high humidity. 

Langley Research Center 
National Aeronautics .and Space Adminis t ra t ion 
Hampton, VA 23665 
June 9, i 981 
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TABLS I.- COUeCPORS IN THE SOLAR PIELDt INSTALUTICHS AS OP MhY 1976 AND JVLY 1980 

t 

R W  

12 

1 1  

10 

9 

8 

7 

6 

5 

4 

3 

2 

1 

0 

bphese co l lec tors  are no longer in  aervice.  They w i l l  be replaced i n  the near fu ture  with 
Lennox ISC18 col lec tors ,  which have s ing le  g lass  glazing and a black chrane ooating. 

CThese co l lec tors  were in row 1 and were ins ta l led  in  raw 4 a f t e r  being repainted. 

*- 
1 
- -- -- - 

Original 
---- - -  

Manufacturer 

Chamber l a i n  

Chamber la in  

Chambe~l a in  

Chamberlain 

Chamber l a i n  

Chamberlain 

General E l ec t r i c  

Libbey-Ovens-Ford 

Martin Marietta 

Sun Source 

Chamberlain 

Chamber l a i n  

"Lexan: trade name of 

In s t a l l a t i on  
. -- -- - - * - 

Manufacturer -- - 
Chamberlain 

Chamberlain 

Chamber l a i n  

Chamberlain 

Chamber l a i n  

Chamberlain 

General E l ec t r i c  

~ f b b e ~ - O w e n e - ~ o r d ~  

ChamberlainC 

Sun Source 

Chamberlain 

Owens-Illinois Sunpak 

Nor thrup t racker  

i n s t a l l a t i on  - 
Glazing 

2 g lass  

2 g lass  

2 g l a s s  

1 g lass  

1 g lass  

2 g lass  

2 I,exana 

2 g l a s s  

2 g l a s s  

1 g la s s  

2 glass  

2 g l a s s  

------- 

as  of July 1980 
---..---.------.-. 

Glazing 

2 g l a s r  

2 g la re  

2 g lara  

1 g l a r r  

1 g larn 

2 g la re  

2 Lexan 

2 g la re  

2 g l a r s  

1 g l a r r  

2 g l a r r  

Vacuum t u b e  

Prernel l en r  

May 1976 
T 

- . - 

Coating 

Black ch rme  

Black chrane 

Black chrome 

Black chrane 

Black chrane 

Black paint 

Selective 

Black paint 

Black anodized 
aluminum 

Black nickel 

Bldck paint 

Black paint 

------------- 

-I----.-- 3 

Coating -- 
Black chraoe 

Black chrome 

Black c h r ~ e  

Black chrane 

Black chrane 

Black paint 

Select ive 

Black paint 

Black paint  

Black nickel 

Black paint  

Solective 

Select ive 

General E l ec t r i c  Co. 
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TABLE 111.- PERCENTAGES OF THERMAL ENERGY USED POR W L I N G  

AND HEATING TIE SEB 

Thermal energy used 
for heating, percent 

0 
3 7 
67 

100 
100 
100 

9 3 
2 9 
1 
0 
0 
0 

19 

Month 

Sept. 1977 
Oct. 
Nov . 
Dec . 
Jan. 1978 
Feb. 
March 
Apr il 
h Y  

Thermal energy used 
for cooling, percent 

100 
63 
3 3 

0 
0 
0 
7 

71 
9 S 

June I 100 
July 100 
Aug . 100 

Annual aver age 81 



TABLE 1V.- UTILiZATION OF COLLECTED SOLAR ]ENERGY 

a ~ a t a  developed from "on the houra rates .  
b~nnua l  bas i s .  

Month 

I 

Sept. 1977 

1 
Solar energy 
collec teda 

Solar energy used Ut i l i zat ion  
co l l ec t ed  solar 

(;J 

160 
O c t .  ' 115 

, Nov. I 58 
79 

/ g ; l 9 7 8  101 
1 1  

March 161 
April 187 

145 
June 159 
July I 134 
Aug . 1162 

Total 1572 
L 

energy, percent 

109 
55 
75 34 1 32 
96 1 23 22 I 

105 ' 22 

153 j 22 
177 1 15 
137 1 69 
151 135 I 
127 j 97 
154 137 

1491 x lo6 I 71 8 
I 

21 
21 
14 
65 
128 
92 
130 

680 x 1 o6 

20 
14 
8 
47 
85 
7 2 
84 

-- 
, b46 (av) 

, 



TABLE V.- i&JGTERW OOEPFICIENT OF PmRM&NCE (aP) 

FOR THE ABSORPTION CHILLER 

'~nnual basis . 

I 

Therinal energy used 

I by absorption unit 
Month in cooling 

Sept. 1977 
Oct. 
NOV . 

I -. 

1 

Monthly 
COP 

0.61 
.40 
.60 ---- 

---- 
---- 

.50 

.40 
-59  

Cooling energy 
prdaced by 

absorption unit 

I June 1 219 208 
' July / 234 1 222 
' A u ~ .  1 264 1 250 

; Jan. 1978 i 0 ,  0 
f Feb. ! 0 :  0 
/ March I 

I 2 l  
I April I :: 1 :: i May i 
I 

GJ 

120 
4 
3 
0 
0 
0 
1 
4 
44 
142 
139 
17i 

628 

I 

GJ Btu 

i 
Total 1018 

I 
B ~ L  

1 1 4 x 1 0 ~  
4 
3 
0 
0 
0 
1 
4 
42 

197 

965 x 106 

;87 x lo6 

135 1 -65 

I 

1 1  1 10 

; 

132 
162 

.59 
-65 i 

597 x lo6 =0.62 (av) 
L 



TABLE V1.- EFFICIENCY OF T f E  SOL- COLLECIORS 

a ~ a t a  developed from 'on the houra rates. 
b ~ o l a r  f i e l d  reduced from 1064 to 974 s 2  

(1 1 450 t o  10 480 f t 2 )  . 
' ~ n n u a l  b a s i s .  

C o l l e c t  ion 
e f f i c i e n c y ,  

pe rcen t  
Month 

So la r  energy 
c o l l e c t e d a  

+ 

S e p t . 1 9 7 7  
Oct. 
Nov . 
Dec. 
Jan.  1978 

So la r  energy 
a v a i l a b l e  

GJ 

277 263 
410 1 389 

63 Btu 

27 

Feb. 
narch 

Btu 

160 
115 1 109 24 

79 
101 1 96 2 5 

1 5 2 x 1 0 ~  

459 1 435 111 
601 ' 570 161 

105 
153 

Apr il 603 572 1 1 8 7  

24 
2 7 

177 
137 
151 
127 
151 

1491 x l o 6  

14ayb 1 464 
Juneb ; 619 

31 
31 
26 
2 4 
27 

C26 (a") 

440 145 
587 

J u l y b  1 553 1 524 
A U ~ .  608 576 

T o t a l  1 5970 5561 x lo6  
I I 

159 
134 
162 

1572 









KMPERATURE. 

bl Lnleekend evergy storaqe, wry litt le stratification due to 
mixing. 

bl Energy for the chi l ler is taken from the tank while colder 
water enters the bottom of the tank. 

(c) Simultaneous absorption machine operrtlon and enerqy 
storage. 

(d) Water temperature inversion i n  the storage tank. 
(e) Quick morning coaldown of the building. 
(11 1t)nperature ramp during the day. 
(gl A slow temperature rise with the air  c .~ditioner off and 

most of the lights on for janitorial cleanup . 

0 8 16 0 8 16 0 8 16 HR Of DAY 
JUNE 18.1978 JUNE 19 1978 J U M  20. 1978 

SUFIDAY 

(a )  Temperatures monitored. 

Key: 

chl A measured enerqy lors in the collectors when the small 
circuitinq pump. P8. is left on. 

ril A measured energy lors i n  the collectors due to leakage of 
hot water to collectors past control valves. 

'11 Operation of absorption chi l ler directly from the wlar  
field. which usually begins around 10:M a.m. (DST). 

900 
PRODUCED 

- 5 O M R  ENERGY -ENERGY USED BY 7 x 
ABSORPTfON 4 l A C H I M  

ENERGY 

1 1 .  A 1 ,  , A  
0 8 16 0 8 16 0 8 16 HR Of DAY 

Jb5L 18 1978 JUNE 19 1978 JUYE 20 1978 
S U'r DA Y 

(b) Energy production and utilization monitored. 

Figure 6.- Hourly operating data. 




